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Neutron-rich 88,90,92,94Se isotopes were studied via in-beam γ-ray spectroscopy after production
from nucleon removal at intermediate energies at the Radioactive Isotope Beam Factory. γ-γ co-
incidence analysis allowed to establish level schemes for the first time in these nuclei, including
the 2+1 → 0+gs, 4+1 → 2+1 transitions and their energy ratio R4/2. Low-lying 2+2 levels and their
branching to the 2+1 and 0
+
gs states were observed. The experimental results are in good agreement
with self-consistent beyond-mean-field calculations based on the Gogny D1S interaction, suggesting
ground state shape transition from oblate to prolate then back to oblate between N = 52− 60 and
indicating shape coexistence.
Despite the atomic nucleus being a complex system
composed of interacting protons and neutrons, its exci-
tation spectra can often simply be described by rota-
tions and/or vibrations around intrinsic shapes. Due
to the underlying shell structure, governed by the ef-
fective nuclear interaction, such intrinsic shapes evolve
with the number of nucleons in the system. Equilibrium
shapes are associated with the occurrence of shell gaps
in single-particle levels around the Fermi level. Along
isotopic and/or isotonic chains, they evolve from spher-
ical (closed-shell nuclei) to deformed (open-shell nuclei)
shapes. In a very simplified view, the particle-hole sym-
metry will lead to an equal number of prolate and oblate
deformed ground state shapes. However, in reality an al-
most complete dominance of prolate over oblate ground
states is observed across the nuclear chart. A variety of
theoretical models, both macroscopic and microscopic,
have addressed this asymmetry [1–3].
The appearance of low-lying 0+2 states as the band-
heads of collective bands in the spectrum is commonly in-
terpreted as shape coexistence, i.e., the manifestation of
two or more equilibrium shapes in the same nucleus. Fur-
thermore, since the atomic nucleus is a quantum many-
body system, it is possible to construct each nuclear state
from different intrinsic shapes. This is the so-called shape
mixing phenomenon and its experimental signature is the
enhancement of the electromagnetic transition rates be-
tween different bands. A well-known example of shape
coexistence are the even-even neutron-deficient krypton
and selenium isotopes. For the former, the ground-state
bands evolve from prolate deformation for 74,76,78Kr [4]
and an oblate deformed 0+2 state, to the rare case of an
inferred oblate-deformed ground state [5, 6] and a prolate
deformed 0+2 state for the nucleus
72Kr [7]. Conversely,
in the selenium isotopes deformation evolves from oblate
ground and 2+1 states in
68,70,72Se to prolate states with
increasing spin, while an excited band in 68Se is consis-
tent with prolate rotation [8, 9] and only one excited state
2is known for 66Se [10].
On the neutron-rich side of the nuclear chart, isotopes
around N ≈ 60 have been identified as a region of shape
coexistence and shape mixing [11–14]. Recent studies
using Coulomb excitation experiments with radioactive
beams suggest possible shape transitions together with
shape coexistence at N = 60 in Sr (Z = 38) [15] and Kr
(Z = 36) [16, 17]. For the former, a prolate ground state
and spherical excited 0+2 was deduced for
98Sr. For 96Kr,
for which only the 2+1 energy is known, an oblate ground
state deformation was favored based on comparison to
calculations using an IBM Hamiltonian, in agreement
with predictions from Ref. [14]. Conversely, experimen-
tal data for the neutron-rich selenium isotopes are scarce
and has been reached only until N = 53, 54 [18–20]. The
reported 2+1 energy of 886 keV for
88Se suggests a sub-
shell effect at N = 56 for 90Se [19]. However, a search for
sub-shell signatures from half-life measurements reported
no support for the existence of a N = 56 sub-shell [21].
The goal of this Letter is two-fold: (i) the identification
of low-lying excited states of even isotopes 88–94Se; and
(ii) the comparison of the experimental data with symme-
try conserving configuration mixing (SCCM) calculations
that indicate that this region of the isotopic chain shows
evidences of sudden prolate-oblate shape transitions and
shape coexistence.
The experiment was carried out at the Radioactive
Isotope Beam Factory, operated by the RIKEN Nishina
Center and the Center for Nuclear Study of the Univer-
sity of Tokyo. A 238U primary beam, accelerated to an
energy of 345 MeV/u, was provided with an average in-
tensity of 30 pnA. Secondary radioactive isotope beams
were produced by in-flight fission of the primary beam
in a 3-mm thick Be production target placed at the en-
trance of the fragment separator BigRIPS [22]. The iso-
topes of interest were selected and separated with the
Bρ-∆E-Bρ method and identified on an event-by-event
basis by a TOF-Bρ-∆E measurement [23]. Two BigRIPS
settings were applied: the first setting was centered on
95Br with a measuring time of ∼33 hours to produce
94,95Br, while the second setting was centered on 89As
with a measuring time of ∼10 hours to produce 89Se
and 91Br secondary beams. The average intensities of
the 89Se and 91,94,95Br beams impinging on the 99(1)-
mm thick (725(7) mg/cm2) liquid hydrogen reaction tar-
get were measured to be 618, 1280, 182 and 50 parti-
cles per second, respectively. Their energies in front of
the reaction target were ∼270 MeV/u and decreased to
∼180 MeV/u at the exit of the reaction target. Reaction
residues were collected and unambiguously identified by
the ZeroDegree spectrometer [22], employing a similar
identification method as described for BigRIPS.
Surrounding the liquid hydrogen target was a 300-
mm long cylindrical time projection chamber (TPC) of
the MINOS ensemble [24]. The usage of the thick liq-
uid hydrogen target required the employment of the
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FIG. 1. (Color online) Doppler-corrected γ-ray spectra. Each
spectrum is from a single reaction channel: 89Se(p, pn)88Se
(a), 91Br(p, 2p)90Se (b), 94Br(p, 2pn)92Se (c), 95Br(p, 2p)94Se
(d). The spectra were fitted with simulated response functions
(red) added on top of two-exponential background (black).
In the insets, examples of the γ-γ coincidence analysis and
deduced level schemes are presented, the widths of the arrows
reflect relative intensities of transitions, dashed lines are used
for very weak transitions.
TPC to track the protons for (p, 2p) and other reac-
tions and to reconstruct their vertex position, allowing
to better determine the velocity and γ-ray emission an-
gle, which in turn reduced the Doppler broadening. An
efficiency of >91% good vertex reconstruction for the
91Br(p, 2p)90Se channel was obtained with a spatial res-
olution of ∼5 mm FWHM. Examples of reconstructed
vertices from two proton trajectories for (p, 2p) knock-
out reactions are illustrated in Refs. [24, 25]. In case of
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FIG. 2. (Color online) Systematics of E(2+1 ) in zirconium,
strontium, krypton, and selenium isotopes (a), the same for
their R4/2 =E(4
+
1 )/E(2
+
1 ) ratio (b). Data are from this work
and Refs. [16, 19, 29, 30].
(p, pn) channels, the beam and scattered proton trajec-
tories were used to determine the reaction vertex. De-
excitation γ-rays were measured by the DALI2 detector
array [26, 27], which consisted of 186 NaI(Tl) scintil-
lators in a re-arranged configuration to allow sufficient
space for the MINOS TPC. A full-energy peak detec-
tion efficiency of 35% (23%), including add-back, was
simulated for 500 keV (1 MeV) γ-rays emitted from the
target center at a beam energy of 250 MeV/u with the
GEANT4 framework [28]. Energy calibrations were per-
formed for each BigRIPS-ZeroDegree setting using 60Co,
137Cs, 88Y, and 133Ba sources, resulting in a calibration
error of 1 keV in the range of 200–1500 keV and an energy
resolution of 9% (6%) FWHM at 662 keV (1.33 MeV),
consistent with Refs. [26, 27].
The Doppler-corrected spectra for 88–94Se are shown in
Fig. 1, assuming all γ-rays were emitted from the reaction
vertex reconstructed by MINOS. However, the lifetimes
of the excited states influenced the Doppler correction.
For example, a lifetime of 10 ps shifted the peak position
at 500 keV by ∼2 keV. This effect was considered when
obtaining the DALI2 response functions from GEANT4
simulations by assuming lifetimes based on the theoret-
ical approach discussed later and included in the errors
for the energy determinations. Furthermore, the correct-
ness of the Doppler correction was verified using the well-
known 4+1 → 2+1 and 2+1 → 0+gs transitions of 94Kr [16, 29]
following (p, pn) reactions, which yielded less than 1 keV
deviation to the literature values. While for 94Se only two
transitions could be identified, at least four transitions
were observed in the spectra of 88,90,92Se. Each spec-
trum was fitted with DALI2 response functions added on
top of a two-exponential background. In order to build
the level schemes, the γ-γ coincidences were evaluated.
Examples for this analysis as well as the established level
schemes are given in the insets of Fig. 1.
For 88Se, the previously reported γ-ray line at 886 keV
assigned as 2+1 → 0+gs transition [19] was not observed.
Instead, the most intense γ-ray transition was found at
580(5) keV, which was assigned here to the 2+1 → 0+gs. To-
wards the high energy side, a tail was observed and fitted
by another transition at 646(8) keV. Two other transi-
tions were observed at 971(7) and 1232(11) keV. Within
the uncertainties, the 1232-keV transition was in good
agreement with the sum of the 580- and 646-keV transi-
tions. Furthermore, the γ-γ analysis showed that the 646-
and 971-keV transitions were in coincidence with the 2+1
state, while the 1232-keV transition showed a consider-
ably weaker coincidence, which was thought to originate
from a transition above with close energy. Therefore,
the latter was assigned to the 2+2 → 0+gs transition, while
the former were assigned to the 2+2 → 2+1 and 4+1 → 2+1
decays.
Five transitions were observed at 419(6), 548(5),
691(4), 960(9), and 1075(23) keV for 90Se. As in the
other cases, the most intense transition, here at 548 keV,
was assigned to the 2+1 → 0+gs decay. The γ-γ analysis
revealed the 419-, 691- and 1075-keV transitions to be in
coincidence with the 548-keV transition, while no coinci-
dence was found between the 960-keV and the other tran-
sitions. Thus, it was concluded that the 691- and 419-keV
transitions decay to the 2+1 state and the 960-keV tran-
sition, which matched the sum of the 419- and 548-keV
decays, was assigned to the 2+2 → 0+gs transition, while
the 419-keV transition was attributed to the 2+2 → 2+1 de-
cay. Furthermore, because of their exclusive coincidence
with the 548-keV transition, the 691-keV transition was
assigned to the 4+1 → 2+1 transition. The 1075-keV tran-
sition was found to be in coincidence with the 2+1 level
and tentative assigned to the 4+2 → 2+1 transition be-
cause of the systematics found in the isotopic chain and
the theoretical calculations discussed below. A 4+2 → 2+2
transition remained unobserved, possibly because it co-
incided energetically with the 4+1 → 2+1 transition.
In a previous isomer study, γ-ray lines for 92Se were
reported at 503, 539, and 898 keV, but could not be
placed into the level scheme [31]. In the present work,
seven transitions were found at 429(6), 539(4), 624(14),
715(5), 898(2), 958(20), and 1061(12) keV, with the 539-
keV transition being assigned to the 2+1 → 0+gs. It is noted
that owing to the accurately known transitions at 539
and 898 keV, the peaks at 624(14) keV and 958(20) keV
could be identified: The former is located in-between the
539- and 715-keV peaks and its omitting resulted in a
bad description of the line shape; the latter was revealed
as a doublet with the 898-keV transition in form of a
high energy tail. Note that lifetime effects may only lead
to tails towards the lower energies and calculations based
on the theoretical B(E2) values suggest all excited states
should have lifetimes shorter than 50 ps. Analysis of
the γ-γ coincidences and the sum of transition energies
revealed the 958-keV peak to be the 2+2 → 0+gs and the
715-keV peak to be the 4+1 → 2+1 transition. Moreover,
the 624- and 1061-keV transitions decay from a level at
1600(13) keV to the 2+2 and 2
+
1 states, respectively, which
was attributed to be the 4+2 level.
For the most exotic isotope studied here, 94Se, due to
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FIG. 3. (Color online) Collective wave functions (normalized
to one) for the 0+gs, 2
+
1 , 0
+
2 , 2
+
2 states of even selenium isotopes
86-94Se. The color code (red=0.15, blue=0.00) represents the
weight of different deformations in the composition of a state.
The contour lines are separated by 0.01.
the limited statistics only two transitions were observed
at 475(7) and 640(7) keV. They were assigned to the
2+1 → 0+gs and 4+1 → 2+1 based on their intensities, γ-γ
coincidences, and the energy systematics of the isotopic
chain.
The systematics of E(2+1 ) and R4/2 ratio for selenium
in comparison with zirconium, strontium, and krypton
isotopes are shown in Fig. 2 from N = 50 to 60. A grad-
ual decrease of E(2+1 ) for the selenium isotopes is ap-
parent, yielding no indication for a sub-shell closure at
N = 56. When comparing to other isotopic chains, the
E(2+1 ) and R4/2 pattern are at variance with the rapid
E(2+1 ) drop at N = 60 in the zirconium and strontium
isotopes and strongly resembles the trend observed in
the krypton isotopes [16, 17, 29]. Furthermore, the R4/2
ratio increases from N = 50 to 54, implying a gradual
onset of deformation beyond the N = 50 shell, but then
remains almost constant at 2.3 from N = 56 to 60, be-
having again similar to the krypton isotopes, but in stark
contrast to the zirconium and strontium isotopes.
Selenium isotopes with N = 52, 54 have been previ-
ously discussed in the framework of the shell model (SM)
using an inert 78Ni core and the SCCM method [32].
For 88Se, the comparison shows that the theoretical spec-
tra are stretched. For example, in the SM calculations,
the 2+1 , 4
+
1 , and 2
+
2 level energies were predicted at 670,
1940, and 2030 keV, while the present work places them
 0
 1
 2
 3
 4
 52  54  56  58  60
E
x
 
(M
eV
)
Neutron Number N
(a) Theo.
oblate
 
prolate
 
3+1 0
+
2 
 52  54  56  58  60  0
 1
 2
 3
E
x
 
(M
eV
)
Neutron Number N
(b) Exp. 2+1
4+1
2+2
4+2
Lit.: This work:
FIG. 4. (Color online) Comparison of experimental and the-
oretical E(2+1 ), E(4
+
1 ), E(2
+
2 ), and E(4
+
2 ), showing the shape
transitions from 86Se to 94Se. Note the different y-scales for
the left and right part.
at 580(5), 1551(9), and 1232(11) keV. In the following,
the neutron-rich selenium isotopes are discussed based
on the SCCM method. This approach is very suitable
to study microscopically the shape evolution, shape mix-
ing and/or shape coexistence in isotopic chains. In this
framework, each individual nuclear state is defined as the
linear combination of multiple intrinsic many-body states
with different quadrupole (axial and triaxial) shapes.
These many-body states are projected to restore the par-
ticle numbers and angular momentum symmetries. The
coefficients of the linear combination are obtained by
minimizing the energy through the variational principle
with the so-called generator coordinate method (GCM).
Hence, the SCCM approach provides at the same time
spectroscopic information and the underlying structure
of the states in terms of their shapes. Concepts of the
method are described in Refs. [14, 33–35]. In the present
work, SCCM calculations were performed up to N = 60
using the Gogny interaction [36] with the parameteri-
zation D1S [37]. In addition, only time-reversal static
and parity symmetric intrinsic shapes were considered,
i.e., cranked and/or octupole deformed states are not
included. Therefore, a systematic stretching of the en-
ergy levels with respect to the experimental values is
expected [38] and negative parity bands cannot be de-
scribed.
In Fig. 3, the collective wave functions for the 0+gs, 2
+
1 ,
0+2 , and 2
+
2 states are shown for
86-94Se. All states have
a quadrupole deformation of β2 ∼ 0.2− 0.3 but different
behavior in the γ direction. These wave functions reveal
two intriguing shape transitions: The 0+gs states evolve
from oblate-γ-soft (86Se) to prolate (88-90Se) shapes, and
from prolate to oblate (94Se) shapes through a transi-
tional oblate-γ-soft (92Se) shape. The corresponding 2+1
states show a similar behavior but with much less shape
mixing. On the other hand, the 0+2 states show prolate-
oblate shape mixing with a minimum at γ 20◦− 30◦ and
the 2+2 states are, conversely to the 2
+
1 states, mostly
oblate in 88-90Se, prolate in 92-94Se and rather γ-soft in
586Se. These shape transitions are different from the Sr
and Zr isotopes, for which the 0+gs states remain spherical
for N < 60 isotopes but then evolve to highly deformed
shapes for N ≥ 60 [12, 15].
SCCM excitation energies are confronted with the ex-
perimental data in Fig. 4. A very good agreement with
the experimental trends is obtained for the 2+1 , 2
+
2 and
4+1 , 4
+
2 states. As remarked above, a general stretching of
the theoretical predictions is observed, mainly due to the
privileged exploration of the ground state energy in the
present variational process without cranking states [38].
More interestingly, the experimental trends are repro-
duced when both an oblate-prolate transition in 86-88Se
and an oblate-prolate transition in 90-92Se are taken into
account. It is noted that the predicted 3+1 states, which
belong to the γ-bands, lie about 1 MeV higher in energy
than the assigned 4+2 states in
90,92Se.
As further demonstration for the quality of the present
calculations, the B(E2; 2+2 → 2+1 )/B(E2; 2+2 → 0+1 ) ra-
tios were calculated from the experimental branching ra-
tios and confronted with their theoretical counterparts.
For this comparison, the calculated B(M1) values were
taken into account, although they contributed only with
a few percent to the transition rates. For 88,90,92Se, the
ratios are 26(4), 18(3), 138(44), respectively, compared
with the theoretical values of 49, 11, 41. The large error
in 92Se mainly originates from the large statistical error
of the 958-keV peak, which had large overlap with the
898-keV peak. For 88Se, a weak coincidence was observed
between the 1232-keV and 580-keV transitions, suggest-
ing the existence of another transition with an energy
close to 1232-keV on top of the 580-keV transition. In
this case, the intensity of the 2+2 → 0+gs transition could
reduce to half, resulting in a ratio close to the theoretical
value.
Finally, the very quick shape transitions from oblate
to prolate (86-88Se) and from prolate to oblate ground
state (90-94Se) indicate shape coexistence in this region,
while a key signature for shape coexistence are low-lying
0+2 states. The present SCCM calculations suggest that
the 2+2 and 4
+
2 states in
86-94Se are strongly connected
to their respective 0+2 states. As shown in Fig. 3, these
states show different shapes than their ground states and,
particularly in the N = 56 − 60 isotopes, their excita-
tion energies are rather low (see Fig. 4(a)). Therefore,
these nuclei are predicted to manifest shape coexistence
although the 0+2 states have not been experimentally ob-
served. The present work could be insensitive to those
states due to their proximity to the 2+2 states and to the
strong mixing to the ground state band. Hence, weak
2+2 → 0+2 transition rates and branching ratios are ex-
pected.
In conclusion, excited states of 88,90,92,94Se were stud-
ied for the first time. A smooth, shallow drop of E(2+1 )
was observed up to N = 60, yielding no evidence of a
sub-shell closure at N = 56. Additionally, it was found
that the E(2+2 ) level energies decrease continuously to
below 1 MeV for 90,92Se. The obtained level schemes are
in good agreement with beyond-mean-field calculations
based on the SCCM approach, which in turn suggest a
shape transition from oblate to prolate and from prolate
to oblate ground state bands at N = 54, 58, respectively.
The rapid shape transitions indicate shape coexistence
and this was corroborated by the predicted low-lying 0+2
states in the same theoretical model. Finding these states
is a key step forward in future experiments, while “safe”
energy Coulomb excitation, though presumably beyond
reach at presently existing facilities, may confirm the pre-
dicted deformed shapes in the selenium isotopes.
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